-The global changes in gene expression in injured murine skin were characterized following a second-degree scald burn. Dorsal skin was harvested from uninjured and from burned mice at 2 h and at 3 and 14 days following immersion in 65°C water for 45 s. Gene expression was surveyed using an Affymetrix U74Av2 GeneChip, and patterns of gene expression were analyzed using hierarchical clustering and supervised analysis. Burn injury produced significant alterations in the expression of a number of genes, with the greatest changes seen 3 and 14 days after the scald burn. Using a supervised analysis with a false discovery rate of 1% or 5%, differences in the expression of 192 or 1,116 genes, respectively, discriminated among the unburned skin and the three time points after the burn injury. Gene expression was primarily a transient and time-dependent upregulation. The expression of only 24 of the 192 discriminating genes was downregulated after the burn injury. No gene exhibited a sustained increase in expression over the entire 14 days following the burn injury. Gene ontologies revealed an integrated upregulation of inflammatory and protease genes at acute time intervals, and a diminution of cytoskeletal and muscle contractile genes at 3 or 14 days after the injury. Following a second-degree scald burn, global patterns of gene expression in the burn wound change dramatically over several weeks in a time-dependent manner, and these changes can be categorized based on the biological relevance of the genes. microarray; heat shock protein; chemokine; muscle contraction; actin cytoskeleton; sarcomere; immune response THE HEALING DERMAL WOUND UNDERGOES sequential phases of inflammation, repair, and remodeling. Models of incisional wounds have been primarily used to describe the multiphase process of wound healing and the cellular events involved therein, including platelet degranulation, leukocyte migration, and epithelial cell migration. Examination of the fluid from incisional wounds has begun to disclose the continuous network of intercellular communication in a healing wound, much of which involves the production of proinflammatory cytokines. It is now believed that these inflammatory mediators are responsible for initiating and regulating the process of wound healing (1, 3, 5, 23, 30, 32) .
Burn wounds differ from incisional wounds in both the direction and cellular mechanism of injury. Burn wounds are characterized by heat-induced tissue coagulation at the time of injury (35) , and in contrast to incisional wounds, the predominant direction of tissue injury in thermal wounds is horizontal, not vertical (26) . These fundamental differences result in distinct healing mechanisms of incisional vs. thermal wounds. Vertical injuries such as those seen with surgical incisions heal rapidly by blood clot formation, re-epithelialization, and fibroblast proliferation, whereas cutaneous burn wounds heal more slowly, in part due to the edema, extensive necrosis, and relative hypoxia of the burn wound (26) . Furthermore, it is well established that large burn injuries induce systemic immune dysfunction (2, 14, 17, 20, 28) . Evidence of this dysregulation can be seen locally at the wound itself or systemically by alterations in the concentrations of circulating inflammatory mediators and leukocyte phenotypes (22, 24) .
The depth of thermal injury is the most important determinant of healing capacity and mechanism in burn wound patients. Whereas superficial burns involve only the topmost layers of skin, partial thickness and deep partial thickness burn wounds involve destruction of the underlying dermal elements. In the most extreme cases of full thickness burn injuries, all layers of the skin are destroyed.
Advances in the field of burn wound healing remain limited in part by an incomplete understanding of the fundamental cellular mechanisms driving the normal healing process. Several investigators have attempted to characterize the physiological response to thermal injury in terms of systemic inflammatory cytokine production, local wound milieu, or more recently with the advent of microarray technology, the gene expression profiles of the healing wound. We sought to determine sequential changes in global patterns of gene expression during normal healing of partial thickness burn wounds in a murine model. A better appreciation for the gene expression patterns of normal burn wound healing may elucidate the underlying forces that dictate the cellular and protein changes during wound healing. Such knowledge may eventually be used to affect therapeutic interventions in terms of preventing overzealous wound healing (as seen with hypertrophic scars) or incomplete or dysregulated wound healing.
Microarrays have emerged as a powerful new technology to measure genomic regulation and can potentially elucidate the driving genetic machinery dictating phenotypic responses of individual tissues or cell populations. Whereas former efforts to uncover the genetic regulatory events controlling the production of inflammatory mediators were restricted in their ability to measure only a few genes at a time, microarray technology allows the simultaneous assessment of the expres-sion pattern of large portions of the genome. Using an established model for inducing partial thickness scald injury to mice (6), we compared the gene expression patterns of skin from mice subjected to the same thermal injury after 2 h, 3 days, and 14 days of recovery.
METHODS
Murine partial thickness burn. All protocols were reviewed and approved by the University of Florida Institutional Animal Care and Use Committee. Male C57BL/6 mice, 6-8 wk of age and weighing 20-25 g each, were obtained from Jackson Laboratories (Bar Harbor, ME). Anesthesia was induced using 2.5-4% inhaled isoflurane that was administered continuously via a nose cone and adjusted throughout the procedure to maintain an appropriate depth of anesthesia. After induction of general anesthesia, buprenorphine (0.05 mg/kg body wt) was administered subcutaneously to control postprocedure pain and discomfort. The dorsum of the mouse was cleansed and shaved, and each mouse was given a preinjury fluid bolus consisting of 0.08 ml/g body wt of normal saline (0.9% sodium chloride) intraperitoneally. A 2 cm ϫ 3 cm scald wound was created on the prepped dorsal surface by placing the mouse in a water-tight container with a cut-out measuring 2 cm ϫ 3 cm, which was then submerged in a 65°C water bath for 45 s. Immediately thereafter, the burn wound was immersed in an iced water bath for 45 s to immediately stop the burning process (6) . A second-degree burn injury was confirmed histologically (Fig.  1 ). Mice were allowed to recover in a warm, dry cage, given water and food (standard mouse chow) ad libitum, and monitored regularly for signs of distress. Additional doses of buprenorphine at 0.05 mg/kg of body wt were administered as needed over the first 48 h. Mice were weighed daily, and wounds were inspected daily for signs of infection.
In preliminary studies (data not shown), the water temperature was varied between 65 and 70°C and immersion times ranged between 15 and 60 s to obtain a reproducible second-degree burn in the animals. A second-degree burn was confirmed by the appearance of a blister, the presence of edema, the absence of any tissue damage to the underlying fascia and muscle tissue, and complete healing with the absence of scarring or wound contraction. Histological documentation confirmed the presence of a second-degree burn associated with the superficial loss of cellularity of the involved hair follicles, epithelial blistering and sloughing, and changes in collagen organization due to thermal denaturation (Fig. 1) .
In addition, no effort was made to control for the effect of the hair growth cycle on the depth of the burn injury and the gene expression profiles. In all cases, when the animals were killed, the presence of a second-degree scald burn was confirmed by gross visualization. Ageand sex-matched animals, irrespective of their place in the hair growth cycle, were studied. By employing animals in which the hair growth cycle was chosen randomly, the effect of this variable on gene expression was presumably minimized. The changes in gene expression observed over the 4-wk period could therefore be attributed to the burn injury, and not potentially, to any concerted responses secondary to synchrony in the hair growth cycle.
Animals were killed immediately prior to the burn injury or at 2 h, 3 days, and 14 days postburn injury. An overdose of pentobarbital (50 mg/kg) was administered intraperitoneally, and the animals were subsequently euthanized by cervical dislocation. The dorsal burn wound was surgically excised to the fascia, taking care to remove only burn tissue and not adjacent, healthy skin. Immediately thereafter, the tissue was (Յ1 min) snap frozen in liquid nitrogen and stored at Ϫ80°C for RNA isolation. The control animals were given general anesthetic of similar duration as those in the burn groups, then subsequently killed without induction of the burn injury. A similarly sized sample of shaved skin was excised and processed in a manner identical to that of the experimental group. Three mice were included in each treatment group and the control group.
RNA isolation. Total RNA was isolated from murine burn wound skin using TRI Reagent (Molecular Research Center, Cincinnati, OH). Briefly, each frozen sample (weight 70-150 mg) was thoroughly homogenized in 2 ml TRI Reagent. Total RNA was extracted with BCP Phase Separation Reagent (Molecular Research Center), precipitated with isopropanol, washed with ethanol, and resuspended in RNase-free water. The RNA from each sample was then purified over a commercially available column (RNeasy; Qiagen, Valencia, CA).
Quality of the RNA was confirmed by a spectrophotometric absorbance ratio (A 260/A280), a 1% ethidium bromide agarose gel, and RT-PCR for a housekeeping gene (Cu-Zn superoxide dismutase) (38) .
Biotinylated cRNA preparation. Biotinylated cRNA was synthesized from 20 g of total cellular RNA according to the protocol as published by Affymetrix, with few modifications. Briefly, the mRNA Fig. 1 . Histological confirmation of a seconddegree burn in mouse skin. Mice were subjected to a 65°C scald burn for 45 s. After euthanasia at 3 days, the burn and adjacent healthy skin was excised, fixed in buffered formalin, and stained with hematoxylin and eosin. Original magnification was 100ϫ. Original inset magnification was 400ϫ. The vertical line indicates the demarcation between burned and healthy skin. The burned skin is characterized by the presence of a superficial loss of cellularity of the involved hair follicles (arrow A), epithelial blistering and sloughing (arrow B), and changes in collagen organization due to thermal denaturation (arrow C).
was selected by hybridizing to T7-(dT)24 primer (Genset Oligos; Genset, La Jolla, CA) and subsequently reverse transcribed to cDNA. In vitro transcription was then performed incorporating biotinylated ribonucleotides using an Enzo BioArray HighYield RNA Transcript Labeling Kit (Enzo Life Sciences, Farmingdale, NY). The resultant labeled cRNA was fragmented and hybridized onto Affymetrix U74Av2 oligonucleotide arrays. The microarrays were hybridized for 16 h at 45°C, stained and washed according to an Affymetrix protocol (EukGE-WS2v4) using an Affymetrix fluidics station, and scanned with an Affymetrix scanner. RNA samples were processed in parallel and samples were not pooled.
Data acquisition, normalization, and clustering. The level of hybridization was measured with Affymetrix Microarray Analysis Suite version 5.0 (MAS 5.0). The mean signal intensity for all probe sets on each array was set to 500, thereby allowing array-to-array comparisons. Probe sets whose signal intensities (which presumably relate to gene expression levels) were not detected above the background noise on any of the arrays in the experiment were removed from the data set. This process of noise filtering reduced the number of probe sets from 12,488 to 7,275.
Unsupervised cluster analysis was performed after removing signals from genes that did not vary much between arrays. To accomplish this analysis, probe sets were ranked by their coefficient of variation (the ratio of standard deviation to mean) across the data set of arrays, and the signals of the top half of the genes in rank order were normalized across all arrays to a mean of 0 and a standard deviation of 1 (n ϭ 3,638 genes). Hierarchical cluster analysis was performed and displayed using software developed by Eisen et al. (13) .
Supervised analysis was performed specifically to detect differences among the four experimental groups (control or unburned mice, and mice subjected to thermal injury and killed at 2 h postburn, 3 days postburn, and 14 days postburn) using significance analysis of microarrays (SAM) (41) . When the SAM algorithm is used for the analysis of experiments with multiple classes, a modified t-test is used to identify genes with statistically significant differences in expression among the groups. The percentage of genes identified by chance using this method is called the false discovery rate (FDR) and is estimated using permutations of the data set. The genes identified by SAM were then subjected to hierarchical cluster analysis after variance normalization as described above.
Last, the mean fold change of expression of burned to unburned (control) gene expression was calculated using the mean of the three replicates for each time group. Subsequently, MAPPFinder (Gladstone Institutes, University of California, San Francisco) was used to identify classes of genes according to the Gene Ontology (GO) Consortium (4) that were represented among the significant genes. Genes were included in pathway analysis if they were identified by SAM (using the FDR of 5%) and if their mean expression was at least twofold up-or downregulated from baseline. Using MAPPFinder, a statistical probability (z score) ranks the likelihood that a specific gene ontology is represented in the gene list of interest more often than would occur by chance alone (11) . A z score threshold of 4.0 was used as the cutoff.
RESULTS
Three mice were evaluated in each of four groups: control (uninjured) and three burn (experimental) groups. All experimental mice were subjected to the same thermal injury as described above, but killed 2 h, 3 days, or 14 days after injury. RNA was harvested from injured skin and processed for microarray analysis in the manner described above. The resulting data set was filtered to remove data from probe sets that were not detected above background on any of the arrays. A variation filter was applied to remove signals from one-half of the probe sets that varied the least in the experiment. The signals of the remaining probe sets were then subjected to unsupervised hierarchical cluster analysis as shown in Fig. 2 . The primary node of separation was between control and 2-h mouse skin samples, and the 3-and 14-day samples, implying that the global changes in gene expression in the early injury response (2 h) were not as great as the changes seen at the later time points. The results also suggest that by 14 days after the burn injury, gene expression patterns had not returned to those seen in the unburned skin.
Closer examination of Fig. 2 shows that the expression from one of the replicates from the control (replicate r3) and the day 3 (replicate r1) samples clustered separately from its experimental replicates. There was no a priori reason to discard these samples from subsequent analyses. One of the consequences of applying a variation filter is that it accentuates discrepancies due to uncontrolled experimental variables that contaminate the data set, as well as identifying the probe sets representing genes whose expression varies the greatest between the classes as a function of the experimental variable.
To further identify genes whose expression levels varied between treatment classes, we used a supervised learning method to identify probe sets representing genes with significant differences in expression. These probe sets were identified using SAM tuned such that the FDR among the probe sets identified as significant was 1%. The 192 probe sets so identified as significant were then subjected to hierarchical clustering as shown in Fig. 3 . Once again, the primary node of division separated the gene expression patterns between the control and early (2 h) response from the prolonged recovery phases (days 3 and 14) . In this analysis, there were no obvious outliers. Examination of this cluster revealed five distinct gene expression responses to the burn injury: one set whose expression was increased at each of the three times (2 h, 3 days, and 14 days), a group of genes whose expression was upregulated consistently at both 3 and 14 days after burn injury, and a set of genes whose expression was continuously downregulated after the burn injury.
As shown in Fig. 3 , there were 24 genes whose expression was sharply downregulated at all times after the burn injury, including three genes for procollagen and a secreted acidic cysteine-rich glycoprotein (another extracellular matrix protein). The expression of 52 genes was upregulated solely at 2 h after burn injury, and these included a heat shock protein, interferon-activated gene, the oncostatin receptor, and a gene induced by transforming growth factor-␤ (TGF-␤). By contrast, the expression of 51 genes was upregulated solely at 3 days, whereas the expression of 41 genes was not upregulated until 14 days after the burn injury. Supplementary Table S1 (available at the Physiological Genomics web site) 1 contains the list of all 192 probe sets allocated to the different bins and their relative changes in expression from baseline.
Examining the expression of some specific inflammatory genes revealed that the expression of the tumor necrosis factor (TNF) receptor 2 (p75) was upregulated after burn injury (2.4-fold), and this upregulation peaked at 3 days following the burn injury. The expression of several genes associated with innate immunity replicated this pattern of intense overexpression at 3 days seen with a gradual return to approximately baseline value by 14 days, including ferritin, lipopolysaccharide-binding protein (LBP), and TGF-␤. The expression of amyloid A3, primarily an hepatic acute phase reactant, was found to be upregulated at all times studied, but its most extreme upregulation also occurred at 3 days, at which time it was expressed 85-fold higher than seen in unburned skin.
Interestingly, examination of the expression patterns of genes encoding for chemokines and their receptors showed a strikingly different pattern. Two hours after the partial thickness burn, there was a downregulation in the expression of the CC chemokine receptor (CCR) type 5, and to a lesser extent, type 2. After 3 days, CCR-5 and CCR-2 expression were intensely upregulated, along with the expression of monocyte chemotactic protein (MCP) 2 and macrophage inflammatory protein (MIP) 1-␣. The expression of all of these inflammatory genes returned to near baseline by 14 days.
The expression of the murine matrix metalloproteinases (MMP), namely MMP-3, -9, -12, and -13 were all downregulated to varying degrees as early as 2 h postinjury. MMP-9 and MMP-13 then showed a rebound overexpression at 3 days with sustained elevation as late as 2 wk after the injury. Expression of tissue inhibitor of metalloproteinases (TIMP) 2 was also upregulated nearly fourfold as early as 2 h and remains similarly elevated throughout the 14 days measured in this study. To perform ontological analysis, supervised clustering was again performed on the same filtered data set, but setting the FDR to 5%, yielding 1,116 discriminatory genes. These probe sets are summarized in Supplementary Table S2 . The mean expression values of each probe set for each experimental group were calculated, and a ratio of this mean to the control (uninjured) mean was calculated, thereby assessing the average relative change in expression from baseline in a group of genes known to be altered among the experimental groups.
MAPPFinder identified several gene ontologies to be uniquely regulated at each time point studied (Table 1) . Not surprisingly, at 2 h, the predominant classes of genes upregulated included heat shock proteins (z score 6.91). Genes uniquely downregulated acutely were mostly metalloendopeptidases, intermediate filament, and cell-cell signaling genes (z scores 4.43, 5.24, and 4.88, respectively).
Three days after thermal injury, the genes responsible for mounting an innate immune response were upregulated, as well as genes encoding for chemokines and chemotaxis, consistent with pathway analysis as described above. Surprisingly, by 3 days, there was a dramatic downregulation of genes involved in muscle contraction (z score 10.12), actin cytoskeleton (z score 7.39), and sarcoplasmic reticulum (z score 6.17). These patterns of downregulated genes persisted to 14 days, at which time genes involved in muscle contraction and actin cytoskeleton were identified with z scores of 8.95 and 7.56, respectively.
DISCUSSION
The current results demonstrate that there are broad changes in gene expression in the skin that occur following a seconddegree scald burn in the mouse. Furthermore, these changes in expression are sustained for prolonged periods, in excess of 14 days. In addition, the changes in expression affect not only components of the inflammatory response, but also include Fig. 3 . Supervised cluster analysis identified 192 genes with a false-positive rate of 1% (2 genes) whose expression levels discriminated among the four experimental groups: unburned skin (control), and burn skin harvests 2 h, 3 days, and 14 days after the injury. The clustering depicts five groups of genes. Analysis was performed using significance analysis of microarrays (SAM) (41) and displayed using Cluster and TreeView (13); r1-r3, ϭ replicate number; r ϭ Pearson's correlation coefficient. From the 1,116 genes whose expression values distinguished among the 4 experimental conditions, genes were selected if the change in expression at the time studied was greater than twofold. Gene ontologies were determined to be overrepresented if the z score as determined by MAPPFinder was greater than 4.0 (P Ͻ 0.001).
structural and regulatory genes. Dinh et al. (10) studied the global gene expression profiles from cultured keratinocytes exposed to thermal injury and showed that the predominant groups of genes that were upregulated initially included the heat shock proteins, growth arrest and repair genes, and DNA binding genes. Although the authors studied expression of only 588 genes, these acute alterations generally had returned to baseline by 24 h postburn (10) . In contrast, as the technology supporting functional genomics has evolved, we studied over 12,000 genes and measured the gene expression alterations in an animal model up to 2 wk after the injury. Nevertheless, we found similar results. Setting a FDR of 5%, there were 260 genes whose expression were upregulated at 2 h after the injury and returned to baseline by 3 days. A majority of these were acute phase response or inflammation genes, including four heat shock proteins, four interferon-activated genes, and several genes induced by TGF-␤.
One of these acute phase responders, LBP, is thought to play a key role in the inflammatory response to invading organisms. Klein et al. (25) examined burn wounds in a rat model and found increased levels of LBP mRNA at 24 h, with subsequent decreases at 48 and 72 h, and speculated that the decline in LBP production may predispose to invasive bacterial infection irrespective of persistent IL-1␤ production. By contrast, our data suggest the peak increase in LBP gene expression in the burn wound occurs at 72 h after the burn. Its expression was coregulated with several other known acute phase proteins, namely, amyloid and ferritin. Furthermore, we showed the greatest upregulation of cytokine receptors to occur at 3 days in that the expression of IL-4 receptor, TNF receptor type II, and the immunoglobulin G fixed component receptor were all upregulated more than twofold from unstimulated wounds by 3 days (Fig. 3) .
Spies et al. (37) used oligonucleotide microarrays to examine the genomic alterations induced in a full thickness injury model in rats. They found a predominant downregulation of genes involved in metabolism and neural signaling shortly after injury with a return to near-normal levels by day 10 (37). They further found increased expression of cell stress-related genes, including heat shock proteins and inflammatory genes (37) . This recapitulated the earlier studies by Fukuzuka et al. (16) from our laboratory, which showed that the inflammationrelated genes were primarily upregulated during the initial 24 h after the injury (16) .
The gene ontology analysis of the present studies further support the data of Spies et al. (37) and Fukuzuka et al. (16) , as classes of genes involved in responses to stress and external stimuli were identified as uniquely upregulated at 2 h. Moreover, the increased expression of genes known to be involved in the response to biotic stimuli were upregulated at 3 days. Furthermore, by 3 days, chemotaxis and cell-signaling genes were also upregulated. By 2 wk, the inflammatory response had abated on the gene expression level, and the predominance of gene upregulation focused on cell adhesion, glycosaminoglycan binding, and extracellular matrix genes.
Looking at global gene expression in the viable tissue surrounding a full thickness scald burn, Spies et al. (37) found that the transcription profiles of genes from samples harvested at 24 and 240 h after the burn were more alike than those harvested at 2 and 6 h after the burn. This is analogous to data from the current study, with our acute (2 h) samples clustering with the unburned samples, but separate from the 3-and 14-day samples (Figs. 2 and 3) . The alteration in gene expression may in fact be due to a shift in cellular predominance within the injured tissue that occurs between 2 h and 3 days after the injury. Alternatively, the change in genomic expression between acute and chronic times may simply reflect that the acute (2 h) time period is insufficient to effect a large-scale genomic alteration in this model.
Not unexpectedly, there were marked alterations in the expression values of the MMP and the protease inhibitors (TIMP). Several independent investigators have shown that the rate of epithelialization is partially dependent on the presence of MMPs (36, 37) . In fact, chronic wounds have been shown to express exaggerated levels of proteases (9, 40) . In the present study, the expression of MMP-3, -9, -12, and -13 were acutely downregulated at 2 h, but MMP-3, -9, and -13 expression were subsequently upregulated by 3 days. MMP-9 and -13 remained upregulated through 2 wk after the burn. Young and Grinnell (43) demonstrated the presence of MMP-9 in the burn fluid as early as 4-8 h postburn and MMP-3 four days after the burn.
Procollagen was among the genes whose expression was downregulated continuously after thermal injury. Hypertrophic scarring, which occurs as a complication of dysregulated normal wound healing, is known to be characterized by an accumulation of extracellular matrix proteins. Ghahary et al. showed that insulin-like growth factor I (IGF-I) induced the expression of procollagen ␣(I)-chain mRNA as early as 6 h after thermal injury (18) , and overexpression of procollagen caused an accumulation of extracellular matrix proteins which clinical manifested as hypertrophic scarring (19) . Furthermore, intralesional injections of Kenalog, a potent anti-inflammatory agent, have been shown to downregulate the production of procollagen mRNA in hypertrophic scars (42) . Unlike human burn wounds, murine burn wounds rarely develop hypertrophic scarring. Although not evident as early as 2 h, these studies demonstrate an intense and sustained downregulation of genes known to be involved in actin formation and muscle contraction. This downregulation was evident even after 14 days.
The present studies demonstrate that there are global changes in the patterns of gene expression in murine skin following a second-degree scald burn. These changes are for the most part transient in nature and reflect in general a predominance toward increased expression. Future studies will be required to confirm these changes in expression prospectively and to evaluate how expression patterns may deviate in cases when patterns of healing are either delayed or accelerated.
GRANTS

